Objectives. To evaluate the associations between granulomatosis with polyangiitis (GPA) and a wide range of comorbidities in patients with GPA compared with population-based non-vasculitis patients.
Introduction
Granulomatosis with polyangiitis (GPA, formerly known as Wegener's granulomatosis) is the most common type of ANCA-associated vasculitis (AAV). Characteristic pathological features of GPA include arteritis of small-sized to medium-sized blood vessels, and granulomatous inflammation of the upper airways and lungs [1] . While GPA used to be frequently fatal, the introduction of CYC and glucocorticoid treatment, and more recently rituximab, greatly improved the survival rates and prognosis of GPA [24] . Despite this, data from the European Vasculitis Study Group trials showed a significant burden of disease manifestations involving renal and otolaryngolocical complications, and potentially treatmentrelated damage (including hypertension, malignancy and diabetes) in patients with AAV, with 34.4% of patients having 55 areas of damage at a mean of 7 years postdiagnosis [5] . Increased carotid intimamedia thickness, which indicates atherosclerosis, has also been demonstrated in GPA patients [6, 7] , potentially as a consequence of glucocorticoid therapy, and GPA patients were reported to experience an increased number of cardiovascular events due to ischaemic heart disease (IHD) compared with the background population [8] . GPA patients were also reported to have increased risks of venous thromboembolism (VTE) [9, 10] and some specific cancers compared with population controls [11, 12] . Nevertheless, the epidemiology of comorbidity (including pre-existing and post-diagnosis) in GPA remains poorly understood. Therefore, we conducted this study to evaluate the associations between GPA and a wide range of comorbidities in a cohort of GPA patients compared with a matched non-vasculitis cohort, and to examine whether associations differ according to sex and age.
Methods

Data source
Data were derived from the UK-based Clinical Practice Research Datalink (CPRD), a large primary care database that has been previously described in detail [13, 14] . Briefly, the CPRD is an ongoing longitudinal database that has collected data from over 500 general practices in the UK since 1987. It covers 6% of the UK population and has a UK representative age and sex distribution. The information recorded includes patient demographic characteristics, clinical diagnoses, drug prescriptions, consultant referrals, lab results and hospitalizations. Validation studies have shown the high quality of recorded diagnoses and drug exposures [13, 14] . This study was approved by the Independent Scientific Advisory Committee for Medicines and Healthcare products Regulatory Agency database research (protocol no: 15_051).
Study design and base population
This cohort study was conducted using CPRD data from 1 January 1990 through 31 December 2014. We identified all patients with a first-time diagnosis of GPA who had at least 1 year of recorded medical history before the first GPA diagnosis code (providing a window to ensure an incident diagnosis and to capture pre-existing comorbidities). For each GPA patient, up to 10 random patients without any forms of vasculitis were matched on age (±2 years), sex, general practice attended and years of history before cohort entry (date of first recorded GPA diagnosis or corresponding date for the matched nonvasculitis patients).
GPA definition
We identified all patients with a Read code for Wegener's granulomatosis (the former eponym for GPA) during the study period, and categorized each incident case into one of three levels of likelihood (probable, possible or unlikely) according to the pre-determined algorithm for GPA cases (Table 1) . This algorithm was developed by two of the authors (L.L. and T.N.) based on the definition of GPA described in a prior CPRD publication where 90% of patients with a code for GPA were confirmed to have a true diagnosis [15] . Note that the clinical judgement formulated from this process was based on an overall clinical impression from available information, such as recorded symptoms, treatments and referrals, rather than on clinical criteria, elements of which are typically not available in electronic medical records. We excluded unlikely cases from this study. Because some patients died or transferred out of their practice shortly after the initial diagnosis, they may not have had a chance to meet our GPA definition. To examine the impact of incomplete follow-up, we included patients whose data collection ended within 6 months of the cohort entry date and who did not meet the GPA definition (4.9% of GPA patients). See supplementary Fig. S1 , available at Rheumatology Online, for GPA patient selection.
Study outcomes
We assessed 13 study outcomes: IHD (including myocardial infarction, angina pectoris and unspecified IHD), stroke/transient ischaemic attacks (TIA), peripheral vascular disease (PVD), VTE, heart failure, hypertension, dyslipidaemia, type 2 diabetes, cancer (except non-melanoma skin cancer), depression, psoriasis, chronic obstructive pulmonary disease and hypothyroidism. These study outcomes were selected because either they have been reported to be associated with GPA or its treatment, or they were commonly recorded in the study population after we screened GPA patient electronic records. Codes are available upon request.
Covariates
We collected information on smoking (current, former, never or unknown), BMI and alcoholism (yes or no), and exposure to aspirin, anti-hypertensive medicine, glucose lowering agents, lipid-lowering medicine, NSAIDs and antidepressants, defined by the presence of two or more prescriptions within 1 year before cohort entry.
Statistical analysis
We identified the first date that each study outcome was recorded and compared it with the cohort entry date to distinguish pre-existing and incident comorbidities. For pre-existing conditions, we compared frequencies any time before or on the cohort entry date between all GPA and non-vasculitis patients using the chi-square test or Fisher's exact test. To account for delay in GPA diagnosis, we also calculated frequencies of pre-existing comorbidities at >1 year before the cohort entry date among those who had 52 years of medical history. We compared the cumulative incidence of each incident study outcome at 1, 3, 5 and 10 years of follow-up between GPA patients and non-vasculitis patients using Gray's test, adjusted for the competing risk of death [16, 17] . Patients with a pre-existing study outcome were excluded from the corresponding analyses of incident disease. Each eligible patient was followed from cohort entry until the date of the first of the following: the first diagnosis of a study outcome, the patient transferred out of the practice, the end of data collection or death. We used Cox regression to estimate for each study outcome the hazard ratio (HR) comparing GPA patients with non-vasculitis patients. Due to small sample size we reported herein only the 'crude' HRs and 95% CIs, which nevertheless, by design, take into account age, sex, practice and calendar time. For study outcomes that violated the proportional hazard assumption we reported the HRs stratified by length of follow-up (<3 and 53 years). Finally, we repeated all main analyses in subpopulations stratified by sex and age (<60 and 560 years).
To examine the robustness of the results we re-analysed the primary results restricted to probable GPA patients and their corresponding comparison patients. All analyses were conducted using SAS statistical software, version 9.3 (SAS Institute, Cary, NC, USA), and the statistical package R with an add-on cmprsk package, version 3.1.1 (www.r-project.org).
Results
There were 570 GPA patients (including 512 probable cases, 30 possible cases and 28 cases with <6 months' follow-up who did not meet the GPA definition) and 5389 non-vasculitis comparison patients in this study. Table 2 shows the baseline characteristics of patients in both groups. GPA patients were less likely to be current smokers, but more likely to be former smokers, than non-vasculitis patients. GPA patients were more likely to receive NSAIDs, but less likely to receive lipid-lowering medicine within one year before cohort entry compared with non-vasculitis patients. Mean follow-up was 5.9 years among GPA patients and 7.0 years among non-vasculitis patients. Among GPA patients, 166 (29%) patients died and 147 (26%) transferred out of the practice before the end of data collection, while 788 (15%) died and 1927 (36%) transferred out among non-vasculitis patients.
GPA patients were more likely to have a history of VTE, heart failure and hypothyroidism compared with non-vasculitis patients at the cohort entry. However, these differences were no longer present except for hypothyroidism at > 1 year before the cohort entry (Table 3) . When we stratified by either sex or age, there were no material changes in the results (data not shown). When we restricted the analysis to probable GPA patients and their non-vasculitis comparison patients, the main findings did not change (see supplementary Table S1 , available at Rheumatology Online).
The cumulative incidences for VTE, hypertension and type 2 diabetes were significantly higher in GPA patients than those in non-vasculitis patients. There were no significant differences in the cumulative incidences for other outcomes under study between GPA patients and nonvasculitis patients (Table 4) . Consistent with the cumulative incidence findings, GPA patients had no increased risks for IHD, stroke/TIA, PVD and cancer compared (Table 6 ). When we stratified by sex, female patients with GPA had an increased risk of heart failure compared with their non-vasculitis patients. When we stratified by age, patients diagnosed with GPA at age <60 years had increased risks of heart failure and hypothyroidism compared with non-vasculitis patients. Patients with GPA <60 years also had stronger risk of VTE than patients with GPA diagnosed after age 60 years. Patients with GPA 560 years did not have significantly increased risks of hypertension, dyslipidaemia, type 2 diabetes or depression compared with non-vasculitis patients even during the first 3 years of follow-up (supplementary Tables  S2S4, available at Rheumatology Online). When we restricted the analysis to probable GPA patients and their non-vasculitis comparison patients, the main findings did not change (supplementary Tables S5S9, available at Rheumatology Online).
Discussion
In this population-based cohort study, GPA patients had increased risks of incident VTE after GPA diagnosis compared with the matched non-vasculitis patients, particularly within the first 3 years post-diagnosis, consistent with the initial description of this phenomenon [10] . Risks were also increased for hypertension, type 2 diabetes, Except where otherwise indicated, data are shown as n (%). a Not applicable because of matching factors. GPA: granulomatosis with polyangiitis. dyslipidaemia and depression among GPA patients during the first 3 years of follow-up. Pre-existing hypothyroidism was more common in GPA patients at their initial diagnosis, and even at > 1 year before the initial diagnosis.
GPA has been reported to be associated with an increased risk of VTE [9, 10, 1820] . Merkel et al. analysed data from the Wegener's Granulomatosis Etanercept Trial and reported that the incidence rate of VTE among GPA patients was 7.0/100 person-years, markedly higher than the incidence rates of VTE in the general population and populations of patients with either lupus or RA, which ranged from 0.3 to 1.0/100 person-years [10] . Faurschou et al. [9] analysed data from a Danish tertiary care centre and found that within the first 2 years following the GPA diagnosis, incidence rate ratios for pulmonary embolism and deep venous thrombosis were 25.7 and 20.2 comparing GPA patients with age-and sex-matched population controls. Consistent with these findings, GPA patients in our study had a strong risk of VTE, especially during the first 3 years of follow-up, which suggests that the risk was strongest proximate to periods of active disease. We also found that pre-existing VTE (at cohort entry) was more common in GPA patients than in non-vasculitis patients, but only in the 1 year before cohort entry. Because GPA may not be diagnosed immediately upon onset of symptoms, VTEs that occurred in the year before cohort entry likely occurred after the disease onset during a period of high disease activity, but before the diagnosis was made. The pathogenetic background for the high VTE risk in GPA is unknown, but in another two studies of patients with AAV the increased risk of VTE could not be explained by traditional clinical risk factors [18, 19] . In a retrospective analysis involving 1130 patients with systemic necrotizing vasculitides, Allenbach et al. identified old age, male sex, previous VTE and stroke with motor deficit as risk factors for VTE [20] . In our study, age and sex were adjusted in the analyses, patients with prior VTE were excluded in the incident analysis, and there was no significant difference in the frequency of prior stroke between GPA patients and non-vasculitis patients. Therefore, the increased risk of VTE could not be explained by these risk factors. A previous study reported a close correlation between disease activity in GPA patients and activated coagulation. The authors also reported that an elevation of the markers of activated haemostasis was reversed when remission was obtained with specific treatment [21] . Despite this, patients with AAV in remission were still reported to be more procoagulant than healthy controls [22] . The observation that there is a stronger risk of VTE during the first 3 years post-diagnosis indirectly suggests the development of VTE is more likely to occur in patients with active or recently active vasculitis and disease-and/or treatment-related factors may play important roles in the increased risk of VTE in GPA. Further studies are needed to evaluate the extent to which the risk of VTE is associated with the disease itself or with treatment interventions.
In our study, GPA patients compared with non-vasculitis patients had an increased risk of hypertension during the first 3 years of follow-up, but not after 3 years postdiagnosis. Hypertension was one of the most common medical conditions in GPA patients [23] , which may be related to the typical glucocorticoid therapy used to treat GPA, renal involvement or a combination of the two [24] . In addition, GPA patients also had increased risks of dyslipidaemia, type 2 diabetes and depression compared with non-vasculitis patients during the first 3 years post-diagnosis, but not after 3 years, which is also potentially related to glucocorticoid therapy. De Leeuw et al. [25] observed that diastolic blood pressure and prevalence of dyslipidaemia significantly decreased during long-term follow-up in 23 GPA patients. Hajj-Ali et al. [26] reported that depression occurred more often in GPA patients compared with the general population. Recently Englund et al. [27] reported that AAV was associated with increased rates of several comorbidities including hypertension, diabetes and thyroid diseases compared with the general population, although they did not distinguish the prevalent and incident comorbidities under study. Faurschou et al. [28] also reported that GPA patients had an increased risk of new-onset diabetes in the first year of observation period, but not after. Note that the observation period started with the date of the second GPA-related hospital contact where the time between first-ever hospitalization for GPA and date of study inclusion did not exceed 18 months [28] . Since GPA patients were more likely to have medical visits early in the course of their disease than non-vasculitis patients, we cannot rule out the possibility that GPA patients had more opportunities to be examined and diagnosed with these comorbidities in the early stage of active disease.
When we conducted analyses stratified by sex and age, we found that female patients with GPA or patients with GPA aged <60 years had an increased risk of heart failure compared with their non-vasculitis comparison patients, which could be explained by the lower background risk in female or younger patients because old age and male sex are independent risk factors for heart failure [29] . We also observed that younger patients with GPA (those <60 years) had an increased risk of new hypothyroidism, and preexisting hypothyroidism was significantly more common in GPA patients compared with non-vasculitis patients even >1 year before cohort entry. Previously thyroid disease was reported be associated with ANCA small-vessel vasculitis [30] . Whether hypothyroidism is a risk factor for developing GPA needs further study.
In our study GPA patients did not have increased risks of IHD, stroke/TIA or PVD compared with non-vasculitis patients. These findings did not change when we repeated the analyses stratified by age, sex and length of follow-up (<3 and 53 years) or restricted to patients with probable GPA and their non-vasculitis comparison patients. In contrast, Faurschou et al. [8] using Danish hospital data, reported that GPA patients experienced an increased number of both early (<5 years after GPA diagnosis) and late (510 years after GPA diagnosis) cardiovascular events (including myocardial infarction, angina pectoris and other IHD) compared with the background population. However, the same study group did not find an increased risk of stroke in GPA patients compared with matched population controls [9] . Similarly, Avina-Zubieta et al. [31] using population-based data from Canada reported that GPA patients had a significantly increased risk of myocardial infarction, not ischaemic stroke, compared with the age-, sex-and entry time-matched population controls and the risk was highest during the first year after GPA diagnosis. Because proteinase-3 ANCA has been associated with a reduced cardiovascular risk compared with myeloperoxidase ANCA or negative ANCA in patients with AAV [32] , differences in proportions of ANCA specificities may in part explain these differences. Additionally, a cardioprotective effect of aggressive immunosuppression with CYC in cohorts of SLE patients has been reported [33, 34] . If GPA is similar in this regard to SLE, the risk of cardiovascular disease in GPA could be dependent on the relative balance of proatherogenic effects of sustained inflammation versus therapy-related control of inflammation. Differential management of GPA with regard to rapidity of glucocorticoid tapering and management of traditional risk factors of cardiovascular disease in GPA may also explain these different findings.
We did not find an increased risk of incident cancer among GPA patients, nor a difference in prior cancer between GPA patients and non-vasculitis patients. GPA patients have been reported to experience a greater than expected number of specific malignancies including non-melanoma skin cancer, bladder cancer and myeloid leukaemia among patients exposed to cumulative CYC doses >36 g, while the cancer risk among CYC-naïve patients was not significantly increased [11, 12] . Moreover, the same study group did not find evidence of an increased prevalence of pre-existing cancer in GPA patients compared with age-and sex-matched controls [35] . Our study did not assess non-melanoma skin cancer, nor did we evaluate the relationship between GPA and specific cancer types taking into account CYC treatment. We did not have sufficient data available in CPRD to evaluate differences based on era of therapeutic management to compare the CYC-predominant management era vs the more recent time period when rituximab was the favoured first-line therapy.
Our study has several strengths worth emphasizing. First, use of the CPRD, one of the world's largest data resources that collects longitudinal medical history and drug information from general practices, allowed us to efficiently distinguish between pre-existing and incident morbidity and to explore many possible contributing factors involved with the burden of the disease. Second, our study assessed 13 study outcomes, allowing us to better understand comorbidity profiles in GPA patients. In this study, we not only confirmed that GPA was associated with strong risk of VTE, but also demonstrated that GPA was associated with increased risks of hypertension, dyslipidaemia, type 2 diabetes and depression in the first 3 years after diagnosis. Third, as GPA is a rare disease, reliable epidemiological studies on subpopulations of sex and age are limited. We were able to explore comorbidities in different subpopulations with GPA.
There are some limitations that need to be considered in interpreting the results of this study. First, there may be misclassification of GPA cases and study outcomes, though the diagnosis codes for GPA and most of the study outcomes have been previously validated in the CPRD and their positive predictive values were reported to range from 70.3 to 98.6% [14, 15] . Second, there was a risk of detection bias in this study whereby GPA patients may have had more medical examinations and thus been more likely to be diagnosed with comorbidities, particularly in the first few years following diagnosis during a period of active disease. However, we found that GPA patients did not have increased risks of cardiovascular events or cancer; therefore, these results are not likely to be explained solely by detection bias. Third, since we only controlled for age, sex, calendar time and general practice in this study, there is a possibility of confounding due to uncontrolled or unknown confounders. Fourth, if GPA patients died shortly after the initial diagnosis, they may not meet the GPA definition. Therefore, it is likely to underestimate the risk of potentially early-occurring lethal comorbidities. However, in the original analyses we included any cases with <6 months' follow-up regardless of whether they met the GPA definition or not and the main findings did not change after we excluded such cases, suggesting such bias is minimal. Finally, we were unable to investigate the associations between GPA and incident comorbidities of interest stratified by GPA treatment because immunosuppressive therapy is often prescribed by specialists and thus is not completely captured in the GP record, a limitation of the CPRD.
In conclusion, GPA patients were confirmed to have strong risk of VTE post-diagnosis, and increased risks of hypertension, dyslipidaemia, type 2 diabetes and depression in the first few years after diagnosis, compared with a matched non-vasculitis population.
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